FIELD QUALITY REQUIREMENTS
For the individual magnets, there are field quality requirements for the integral field and for the region near the axial center of the magnet, where the field is twodimensional. (The requirement applies to the integral field after the linear variation of the integral dipole field with horizontal position due to the sector ends is subtracted.) In both cases, the requirements call for 0.01% uniformity across an aperture of +IO0 mm at the horizontal midplane. Field uniformity near the axial center of the magnet was achieved by locating steel strips 5.19 mm high and 40 mm wide at the edges of the poles. Uniformity of the integral field was achieved by adjusting the amount of steel at the comers of a yoke of the prototype dipole in an iterative process that utilized both three-dimensional calculations and measurement.
For the group of magnets, the rms variation of the integral field is to be less than 0.01%. AAer measurement, the magnets are disassembled in order to install the vacuum chamber, so magnet assembly must be reproducible to 0.01% in order to assure that the field measurements correctly represent the installed magnets. The six yoke sections (poles, top and bottom plates, side plates) are pinned and bolted to obtain this reproducibility.
MAGNETIC FIELD MEASUREMENTS
The integral fields in production dipoles are measured with a rotating coil 2.49 m long and 163.8 mm in diameter. Tangential sense windings are mounted on the coil [4] . At 1.0 and 1.3 GeV, measurements are made at the center of the magnet aperture and at positions 50.8 and 101.6 mm on both sides of center. The regions covered by the coil at these positions overlap, providing considerable redundancy in the data. For a sector magnet, accurate horizontal placement of the measuring coil is essential. (A horizontal displacement of 0.76 mm changes the integral field by O,Ol%.) This is accomplished by a precision magnet stand and a computer controlled coil translation stage. In addition, optical survey is used to locate fiducials on the coil with respect to the magnet fiducials. The survey data are then used to correct the magnetic measurements for any errors in the coil position. The short-term variation (i.e., noise) of the integral measurements is -0.002%. The reproducibility of the measurements is -0.01% when the magnets are removed from and reinstalled on the test stand. The absolute accuracy of the integral field measurement is estimated to be -0.03%.
To obtain reproducibility of the hysteresis, the magnets were ramped to 4834 A (5408 A) for 1.0 GeV (1.3 GeV) operation. Following this cycle, the magnets were ramped up to the same high current. Measurements were then made on the dow-ramp.
The as-built dipoles did not meet the specification of a 0.01% standard deviation in the integral transfer function (ITF) due to variations in the pole gap, as well as apparent variations in the iron properties. The dipoles were shimmed to meet the specifications. A target mean value was established based on the measurements of a few early dipoles. For all the subsequent dipoles, a preliminary measurement was carried out at 1.0 GeV excitation and a shim was installed, if necessary, either in the return leg position (to reduce the ITF) or under the upper pole (to increase the ITF). Most magnets were shimmed to within K).02% of the target value on the first attempt. A few magnets remained outside this margin (which corresponds to the shim resolution of 25 pm) after the first shimming. These magnets were reshimmed.
Initially, the shim thickness w a s determined based on the nominal pole gap and the amount of correction required. As data on more shimmed magnets became available, an empirical relation between the shim thickness and the change in the ITF was established (see Fig. 2 ). This empirical relationship was used in the later part of the program for a more accurate shimming. A small difference was observed between the sensitivities for the return leg and pole shims. This difference is perhaps due to different levels of iron saturation in the pole and return leg regions.
Integral field measurements of the 32 magnets, at the central position, before and after shimming, are shown in Fig. 3 . Before shimming, the rms variation of the integral field was 0.165%; after shimming, it is 0.01%. At 1.3 GeV, shimming reduced the rms variation from 0.089% to 0.033% (Fig. 4) . Local dipole correctors will be used to correct the orbits. To minimize the load on these correctors, the dipoles will he sorted based on their integral field at 1.3 GeV. Magnets with high and low integral fields will be placed 360 degrees in phase advance (two full cells) apart.
With the measuring coil at the central position, excitation curves for operation at 1.0 and 1.3 GeV were measured, down to 0.8 GeV. Fig. 5 shows the excitation curves in the two cases.
An alternate way to represent the field quality of the magnets is to give the harmonic decomposition of the field.
Table2 (Table 3 ) summarizes the integral harmonics in the magnets at the central position of the Both 2-D and 3-D calculations were performed to show that changes in harmonics due to the shims are negligible. Typical harmonic changes are less than 0.1 unit. The normal sextupole increases from 0 to 6 units between 1.0 and 1.3 GeV, the result of saturation.
The -1 unit variation of the skew quadrupole may he the result of top-bottom differences in the taper of the yoke.
The three-dimensional calculation also allows us to evaluate the difference between the harmonics measured by the (straight) integral coil and those along the curved path of a proton. Except for the normal quadrupole and normal octupole as discussed above, the harmonics integrated along the trajectory of the protons are expected to be within 1 unit of those measured by the rotating coil.
The integral normal quadrupole and the normal octupole for the curved path differ from the straight path value by 99.4 units and 2.7 units respectively. 
CONCLUSIONS
The 32 ring dipoles for the Spallation Neutron Source have been measured and found to meet the field quality tolerances. When shimmed, the magnets meet the 0.01% tolerance on the rms variation of integral dipole field at 1.0 GeV. The rms variation at 1.3 GeV, 0.033%. will be compensated by sorting. The integral fields are uniform across the good field region of x=+lOOmm within O.Ol%, except for a residual quadrupole, estimated at -6 units due to the magnet taper.
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